Resource utilization of iron tailings powder is an effective measure to reduce the dam-break risk of an iron tailings reservoir. Adding polypropylene fiber to iron tailings powder can improve its shear performance. Direct shear tests were carried out on reinforced iron tailings powder with polypropylene fiber with dosages of 0%, 0.25%, 0.5%, 0.75%, and 1%, respectively. The normal stresses during the tests were 100, 200, 300, and 400 kPa, respectively. The test results show that with the increase of polypropylene fiber dosage, the cohesive force of iron tailings powder firstly increases and then decreases gradually, and the internal friction angle firstly decreases and then increases. The back propagation (BP)neural network was used to fit the shear force (F) and shear displacement (s) of the test to obtain the F-s function relationship that satisfies the accuracy. Based on the energy dissipation theory, the direct shear energy dissipation of polypropylene-fiber-reinforced iron tailings powder was calculated. The mathematical model of energy dissipation of fiber interfacial failure was derived by the fiber distribution model. The interfacial strength parameters of polypropylene fiber were calculated based on the direct shear test data and the mathematical model of fiber interfacial energy dissipation. The test results show that the addition of polypropylene fiber from the perspective of energy dissipation can improve the shear properties of iron tailings powder. Appl. Sci. 2019, 9, 5098 2 of 16 interfacial characteristics, constitutive model, shear modulus, and damping ratio, through triaxial tests and a resonance columns test [10] [11] [12] [13] . Diambra proposed a constitutive model of fiber-reinforced clay and concluded that fiber reinforcement can effectively improve the undrained shear strength of soil [14] . Diab conducted the comparative study on two kinds of fiber-reinforced clay sample production methods of "impact" and "kneading" through an unconsolidated undrained triaxial test [15] . Soltani et al. studied the effects of fiber width, fiber dosage, and fiber length on the swelling properties of expansive soils [16] . Taking the effects of fiber dosage, fiber length, relative compactness, and confining pressure into consideration, Chegenizadeh et al. carried out a series of cyclic triaxial tests on unreinforced and reinforced specimens to study the effect of bulk continuous fibers (BCF) on the liquefaction resistance of low plasticity silt [17] . It can be seen from the above research results that fiber materials are widely used in sand, clay, expansive soil, and silt, which can improve the mechanical properties of the soil to some extent. Therefore, fiber can be added to iron tailings powder in order to improve the mechanical properties.
Introduction
Iron tailings are one of the products of iron ore sorting operations. The stacking of tailings not only affects the surrounding environment, but also seriously threatens the lives and property security of the people in the lower reaches of the reservoir area. Therefore, how to use those iron tailings to turn waste into treasure is an effective means to reduce the dam-break risk of an iron tailings reservoir. Much research has been carried out on the resource utilization of iron tailings powder, including concrete fine aggregate [1] , sewage treatment [2] , filling material of composite material [3] , recovered iron ore [4] , and as a road material [5] . Lizhu Iron Mine is located in Shaoxing city, Zhejiang province, China. It produces about 200,000 tons of dewatered tailings every year and accumulates more than 20 million tons of tailings in the existing tailings dam yard. The iron tailings mainly contain tailings with a particle diameter of less than 0.075 mm, which are cohesionless, non physicochemically active, and difficult to utilize. Certain means shall be taken to improve its resource utilization.
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Direct Shear Test
Since Lizhu iron tailings powder is mainly particles with a diameter of less than 45 μm, it can be reinforced by polypropylene fibers. The shear properties of the material are the most basic mechanical indexes. The shear properties of polypropylene-fiber-reinforced iron tailings powder were studied through a direct shear test. 
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Since Lizhu iron tailings powder is mainly particles with a diameter of less than 45 µm, it can be reinforced by polypropylene fibers. The shear properties of the material are the most basic mechanical indexes. The shear properties of polypropylene-fiber-reinforced iron tailings powder were studied through a direct shear test.
Sample Preparation and Testing
The dosage of polypropylene fiber used in the test was the percentage of fiber relative to the dry mass of iron tailings powder. According to the research results of fiber-reinforced sand, clay, expansive soil, and silt [10] [11] [12] [13] [14] [15] [16] [17] , the polypropylene fiber dosages selected here were 0%, 0.25%, 0.5%, 0.75%, and 1%, respectively. In the sample preparation process, 17% water was first added to iron tailings powder and stirred for 3 min, and then let stand for 24 h. Then, the fibers were sprinkled into iron tailings powder and stirred for 3 min. The mixture is shown in Figure 3 . The mixture was placed into a ring cutter of 61.8 mm in diameter and 20 mm in height, and a layer of Vaseline was applied inside the ring cutter before loading [31] . The sample was formed by compaction, and the upper and lower surfaces of the sample were flattened [32] . The formed sample is shown in Figure 4 . The mold was released after 2 h, and the weight of each sample was weighed and controlled at 146 ± 2 g. The sample was packed in cling film and placed in a natural environment for 24 h, and then subjected to a direct shear test.
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Test Results and Analysis
According to the test data, the relationship between shear force (F) and shear displacement (s) of polypropylene-fiber-reinforced iron tailings powder can be plotted, as shown in Figure 6 . In Figure 6 , (a)-(e) correspond to the F-s curve of the sample under the normal stresses of 100, 200, 300, and 400 kPa when the polypropylene fiber dosage is 0%-1%.
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It can be seen from Figure 7 that with the addition of polypropylene fibers, the cohesive force firstly increases and then gradually decreases. When the dosage was increased from 0% to 0.25%, the cohesive force increased from 12.3 to 31.9 kPa. When the dosage was increased from 0.25% to 1%, the cohesive force gradually decreased from 31.9 to 9 kPa, which was lower than that of iron tailings powder with no fiber dosage. When the fiber dosage was increased from 0% to 0.25%, a small amount of fiber filled the pores between the iron tailings powder, taking advantage of the spatial constraint effect, so as to increase the cohesive force of fiber-reinforced iron tailings powder. When the fiber dosage was increased from 0% to 0.25%, the agglomeration effect of fiber was increased due to the increase of fiber. The cohesive force of fiber-reinforced iron tailings powder was decreased on account of the spatial constraint effect finding it hard to proceed.
With the increase of fiber dosage, the internal friction angle of polypropylene-fiber-reinforced iron tailings powder firstly decreases and then increases. When the fiber dosage was increased from 0% to 0.25%, the internal friction angle was reduced from 31.7 to 29.3 • . When the fiber dosage was increased from 0.25% to 1%, the internal friction angle increased from 29.3 to 35.3 • . When the fiber dosage was increased from 0% to 0.25%, the fiber was dispersed among the iron tailings powder. A small amount of fiber cannot produce an obvious friction effect, and the internal friction angle of iron tailings was decreased due to the particle spacing of iron tailings being increased. When the fiber dosage was increased from 0.25% to 1%, the combination form between fiber and iron tailings was diversified due to the fiber density in the same volume being increased, and the angle of internal friction was large due to the strengthening of the friction effect. It can be seen from Figure 7 that with the addition of polypropylene fibers, the cohesive force firstly increases and then gradually decreases. When the dosage was increased from 0% to 0.25%, the cohesive force increased from 12.3 to 31.9 kPa. When the dosage was increased from 0.25% to 1%, the cohesive force gradually decreased from 31.9 to 9 kPa, which was lower than that of iron tailings powder with no fiber dosage. When the fiber dosage was increased from 0% to 0.25%, a small amount of fiber filled the pores between the iron tailings powder, taking advantage of the spatial constraint effect, so as to increase the cohesive force of fiber-reinforced iron tailings powder. When the fiber dosage was increased from 0% to 0.25%, the agglomeration effect of fiber was increased due to the increase of fiber. The cohesive force of fiber-reinforced iron tailings powder was decreased on account of the spatial constraint effect finding it hard to proceed.
With the increase of fiber dosage, the internal friction angle of polypropylene-fiber-reinforced iron tailings powder firstly decreases and then increases. When the fiber dosage was increased from 0% to 0.25%, the internal friction angle was reduced from 31.7 to 29.3°. When the fiber dosage was increased from 0.25% to 1%, the internal friction angle increased from 29.3 to 35.3°. When the fiber dosage was increased from 0% to 0.25%, the fiber was dispersed among the iron tailings powder. A small amount of fiber cannot produce an obvious friction effect, and the internal friction angle of iron tailings was decreased due to the particle spacing of iron tailings being increased. When the fiber dosage was increased from 0.25% to 1%, the combination form between fiber and iron tailings was diversified due to the fiber density in the same volume being increased, and the angle of internal friction was large due to the strengthening of the friction effect.
It can be concluded from the direct shear test results that when the fiber dosage is between 0% and 0.25%, the cohesive force increases, the internal friction angle decreases; when the fiber dosage is between 0.25% and 1%, the cohesive force decreases, and the internal friction angle increases. Therefore, it is difficult to analyze the reinforcement effect of polypropylene fiber on iron tailings powder using the variation law of cohesive force and internal friction angle. Other parameters are needed to describe the reinforcement effect of polypropylene fiber.
Shear Energy Dissipation of Fiber-Reinforced Iron Tailings Powder
The direct shear failure process is actually the energy dissipation process. According to the first law of thermodynamics, the shear force can be used to characterize the energy dissipation. Since the It can be concluded from the direct shear test results that when the fiber dosage is between 0% and 0.25%, the cohesive force increases, the internal friction angle decreases; when the fiber dosage is between 0.25% and 1%, the cohesive force decreases, and the internal friction angle increases. Therefore, it is difficult to analyze the reinforcement effect of polypropylene fiber on iron tailings powder using the variation law of cohesive force and internal friction angle. Other parameters are needed to describe the reinforcement effect of polypropylene fiber.
The direct shear failure process is actually the energy dissipation process. According to the first law of thermodynamics, the shear force can be used to characterize the energy dissipation. Since the discrete data points of F and s were obtained during the test, it was difficult to calculate the energy dissipation. Therefore, it is necessary to establish a continuous F-s function relationship and calculate the direct shear energy dissipation of polypropylene-fiber-reinforced iron tailings powder by means of a definite integral. A BP neural network algorithm is a commonly used calculation method for data fitting. An appropriate neural network structure can simulate any nonlinear function relationship [35] [36] [37] [38] . Therefore, a BP neural network algorithm was used to fit the F-s function relationship and calculate the direct shear energy dissipation of polypropylene-fiber-reinforced iron tailings powder, thus analyzing the fiber reinforcement effect.
F-s Curve Fitting Based on a BP Neural Network
In this paper, a BP neural network algorithm was used to fit the F-s curve. The network structure contains one input layer node, two hidden layer nodes, and one output layer node. The transfer functions of the hidden layer and output layer are shown in Equations (3) and (4), and the shear displacement s obtained by the direct shear test represents the input variable, and the shear force F represents the output variable [33, 39] .
In order to ensure the fitting accuracy, the input variables and output variables need to be normalized [38, 39] . The fitting function of F-s is obtained as
where a 1 = F max ω 21 2 , a 2 = 2ω 11 s max , a 3 = b 11 − ω 11 , a 4 = F max ω 22 2 , a 5 = 2ω 12 s max , a 6 = b 12 − ω 12 , a 7 = F max 2 (b 2 + 1), among them, ω 11 , ω 12 , b 11 , b 12 , ω 21 , ω 22 , and b 2 are BP neural network calculation parameters, the specific meaning of which can be found in reference [39] . Table 2 shows the calculation results of BP neural network parameters and the average fitting error. Figure 8a ,b shows the comparison of the F-s fitting curve and the test curve of polypropylene-reinforced iron tailings powder under normal stresses of 100, 200, 300, and 400 kPa with 0.5% and 1% fiber dosages. It can be seen from Table 2 and Figure 8 that the BP neural network can better fit the F-s function relationship with a maximum fitting error of 0.4 N. Therefore, the BP neural network algorithm can be used to fit the F-s function relationship in the direct shear test. It can be seen from Table 2 and Figure 8 that the BP neural network can better fit the F-s function relationship with a maximum fitting error of 0.4 N. Therefore, the BP neural network algorithm can be used to fit the F-s function relationship in the direct shear test. 
Calculation of Shear Energy Dissipation of Fiber-Reinforced Iron Tailings Powder
According to the F-s fitting function, the direct shear energy dissipation of fiber-reinforced iron tailings powder with different normal stresses can be obtained by a definite integral. The calculation formula (Equation (6)
where, according to Section 4.7 of the Highway Geotechnical Test Specification, s max can be taken as 4 mm [34] . According to Equation (6), the direct shear energy dissipation of fiber-reinforced iron tailings powder under different normal stresses can be obtained. The calculation results are shown in Table 3 . The data in Table 3 is plotted as shown in Figure 9 . The direct shear energy dissipation increases linearly with the increase of normal stress. Under the same normal stress, the direct shear energy dissipation of fiber-reinforced iron tailings powder is greater than that of iron tailings powder. The data in Table 3 is plotted as shown in Figure 9 . The direct shear energy dissipation increases linearly with the increase of normal stress. Under the same normal stress, the direct shear energy dissipation of fiber-reinforced iron tailings powder is greater than that of iron tailings powder. According to Table 3 and Figure 9 , there is a linear relationship between direct shear energy dissipation, normal stress, and fiber content. The effect of fiber dosage on the direct shear energy dissipation of iron tailings powder is different. When the normal stress is 100 kPa and the fiber dosage is 0.25%, it has the maximum direct shear energy dissipation. When the normal stress is 200 and 300 kPa and the fiber dosage is 1%, it has the maximum direct shear energy dissipation. When the normal stress is 400 kPa and the fiber dosage is 0.75%, it has the maximum direct shear energy dissipation. According to Table 3 and Figure 9 , there is a linear relationship between direct shear energy dissipation, normal stress, and fiber content. The effect of fiber dosage on the direct shear energy dissipation of iron tailings powder is different. When the normal stress is 100 kPa and the fiber dosage is 0.25%, it has the maximum direct shear energy dissipation. When the normal stress is 200 and 300 kPa and the fiber dosage is 1%, it has the maximum direct shear energy dissipation. When the normal stress is 400 kPa and the fiber dosage is 0.75%, it has the maximum direct shear energy dissipation. Therefore, it is necessary to comprehensively analyze the influence of normal stress and fiber dosage on the direct shear energy dissipation of polypropylene-fiber-reinforced iron tailings powder.
Interfacial Strength Parameters of Fiber-Reinforced Iron Tailings Powder
It can be seen from the direct shear test results that polypropylene fiber has a certain effect on the shear properties of iron tailings powder and can increase energy dissipation during the direct shear process. The interfacial strength of polypropylene fiber and iron tailings powder is an important reason for the increase of direct shear energy dissipation. Therefore, it is necessary to analyze the direct shear interfacial strength parameters of polypropylene fiber and iron tailings based on the variation characteristics of energy dissipation to reveal the shearing mechanism of polypropylene-fiber-reinforced iron tailings powder.
Fiber Interfacial Energy Dissipation Calculation
The fiber interfacial strength can be expressed as [14] 
where l f represents the fiber length, d f represents the fiber diameter, and a sf and δ sf represent the fiber interfacial strength parameters. The volume density of fibers in iron tailings powder is [10] ρ(θ)
where θ represents the angle between fiber and the horizontal direction, V f represents the volume of fiber in the direct shear sample, and V represents the volume of the direct shear sample.
Under the action of normal stress p, the fiber normal stress on the θ-direction is shown in Figure 10 [40].
The volume density of fibers in iron tailings powder is [10]
where θ represents the angle between fiber and the horizontal direction, Vf represents the volume of fiber in the direct shear sample, and V represents the volume of the direct shear sample.
Under the action of normal stress p, the fiber normal stress on the θ-direction is shown in Figure  10 [40]. (9)
In order to calculate the energy dissipation of fiber interface failure, the θ-direction micro unit of fiber-reinforced soil was analyzed, as shown in Figure 11 . 
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The volume of the θ-direction micro unit is 
The number of fibers in the micro unit is
In Equation (11), fv represents the volume of a single fiber:
(12)
Substituting Equation (10) and (12) into Equation (11) can obtain the number of fibers in the micro unit: 
In Equation (11) , f v represents the volume of a single fiber:
Substituting Equations (10) and (12) into Equation (11) can obtain the number of fibers in the micro unit:
The energy dissipation of a single fiber interface failure is
The energy required to break the fiber interface in the micro unit is
Substituting Equations (7), (9) , (13) , and (14) into Equation (15) can obtain
where
p sin ϕ cos 2 ϕ . C 1 is related to fiber dosage, fiber length lf and fiber diameter df, and C 2 and C 3 are related to normal stress and internal friction angle ϕof iron tailings powder.
Since fiber can only withstand the tensile force but cannot withstand the pressure, the fiber interfacial energy dissipation during the direct shear test can be expressed as
Substituting Equation (16) into Equation (17) can obtain the fiber interfacial energy dissipation,
where C 4 = 11 10 sin ϕ + 3 5 cos ϕ is related to the internal friction angle of iron tailings powder. The calculation results of the reinforced iron tailings powders C 1 , C 2 , C 3 , and C 4 with different fiber dosages under different normal stresses are shown in Table 4 . 
Interfacial Strength Parameters of Fiber-Reinforced Iron Tailings Powder
The direct shear energy dissipation W fs of fiber-reinforced iron tailings powder can be expressed as the sum of the direct shear energy dissipation W of iron tailings powder and the interfacial energy dissipation W f of fiber, as shown in Equation (19) .
According to Equations (6), (18) , and (19) , the fiber interfacial strength parameters a sf and δ sf can be obtained by the programming solution, and the mathematical model is shown in Equation (20) .
where i represents the test number, i = 1, 2, ..., 16. Substituting the data of Tables 2 and 3 into Equation (20) , using the programming solver to obtain when z is the minimum, a sf = 0.29 kPa, δ sf = 0.57 • . Substituting the calculation results of a sf and δ sf into Equation (18) can obtain the fiber interfacial failure energy dissipation as shown in Figure 12 .
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According to Equations (6), (18) , and (19) , the fiber interfacial strength parameters asf and δsf can be obtained by the programming solution, and the mathematical model is shown in Equation (20) . (20) where i represents the test number, i = 1, 2, ..., 16. Substituting the data of Tables 2 and 3 into Equation (20) , using the programming solver to obtain when z is the minimum, asf = 0.29 kPa, δsf = 0.57°. Substituting the calculation results of asf and δsf into Equation (18) can obtain the fiber interfacial failure energy dissipation as shown in Figure 12 . It can be seen from Figure 12 that under the same normal stress, as the fiber dosage increases, Wf increases linearly but not obviously. In the case of the same fiber dosage, Wf increases substantially and linearly with increasing normal stress. When the fiber dosage is between 0% and 1%, and the normal stress is in the range 100-400 kPa, the maximum value of Wf is 0.8 J.
It can be concluded from the above analysis that the interfacial energy dissipation of polypropylene fiber and iron tailings powder increases the direct shear energy dissipation of polypropylene-fiber-reinforced iron tailings powder to a certain extent, thereby improving the shearing performance of polypropylene fiber.
Conclusions
In this paper, the shear properties and direct shear energy dissipation of polypropylene-fiberreinforced iron tailings powder were studied by a direct shear test. Conclusions can be deduced as follows: It can be seen from Figure 12 that under the same normal stress, as the fiber dosage increases, W f increases linearly but not obviously. In the case of the same fiber dosage, W f increases substantially and linearly with increasing normal stress. When the fiber dosage is between 0% and 1%, and the normal stress is in the range 100-400 kPa, the maximum value of W f is 0.8 J.
In this paper, the shear properties and direct shear energy dissipation of polypropylene-fiberreinforced iron tailings powder were studied by a direct shear test. Conclusions can be deduced as follows:
1. Adding polypropylene fiber can improve the cohesion of iron tailings powder, but with the increase of fiber dosage, the cohesive force gradually decreases, and the internal friction angle of iron tailings powder firstly decrease and then gradually increase.
2. A BP neural network algorithm can be used to fit the function relationship between shear force and shear displacement of polypropylene-fiber-reinforced iron tailings powder with an average error of less than 0.4 N.
3. Based on the principle of energy dissipation, the direct shear energy dissipation of polypropylene-fiber-reinforced iron tailings powder increases linearly with the increase of normal stress. Combined with the fiber distribution model, the interfacial strength parameters of polypropylene fibers and the mathematical model of fiber interfacial energy dissipation can be obtained based on the direct shear test data. Taking energy dissipation as an indicator, the addition of polypropylene fiber can improve the shear performance of iron tailings powder.
